Aim: Composite tissue defects encompassing bone and/or isolated bony defects can pose a surgical challenge; however, their reconstruction is critical for successful functional limb salvage. These cases become increasingly problematic as secondary defects, following multiple nonvascularized grafting attempts resulting in complex bony nonunion. Herein, our experience utilizing fibula vascularized bone grafts (VBGs) for bone restoration will be presented to demonstrate their utility in a variety of reconstructions for limb salvage.
INTRODUCTION
Segmental long bone defects and bony nonunions can arise after traumatic injury, oncologic resection, or osteomyelitis. Establishing a stable bony framework is critical to successful limb salvage; however, bony reconstruction often presents complex challenges to the reconstructive surgeon with seemingly limited available options. One must consider a variety of factors when selecting the appropriate treatment modality from a multitude of limb salvage options. Among these considerations are the surgeon's training background and experience, location and size of defect, associated injuries, availability of soft tissue coverage, and patient comorbidities.
Research and technology have led to a surge of products for bony reconstruction that obviate the need for autologous bone harvest, avoiding the potential donor site morbidity. These include both allografts and synthetic products such as bone morphogenic protein (Medtronic, Minneapolis, MN), polymethylmethacrylate (Zimmer Biomet, Warsaw, IN) and tricalcium phosphate (Depuy Synthes, New Brunswick, NJ). Many of these technologies possess osteoconductive and/or osteoinductive properties, or can be combined with another product to achieve both. Clinical studies suggest that both allograft and autograft can lead to adequate healing in a well-vascularized wound bed, with the end points being time to incorporation and lack of wound healing complications such as nonunion [1] . However, these products are subject to their own set of limitations and disadvantages, including the risk of disease transmission, infection and autoimmune rejection. More importantly, the Diamond Model of fracture healing describes 4 requirements for adequate fracture healing which are best met by autologous reconstruction: osteogenic cell supply, an osteoconductive scaffold, growth factors, and a stabilized environment [2] . In particular, the lack of osteogenic cell supply in allograft and synthetic materials may be the reason they have demonstrated inferior outcomes in critically sized defects > 1 cm, or in those of increasing severity [3] . Thus, autogenous bony reconstruction remains the gold standard for bone loss. As there are many options to consider in this category, an initial size-based elimination approach can be helpful. Intramedullary nail, external fixation, and internal fixation techniques are options when there is no bone gap. When there is a bone gap, more complex procedures are appropriate depending on the size of the gap; these are further illustrated in Table 1 .
While it serves as a good starting point, bone gap size is only one of many factors contributing to decisionmaking in orthopaedic and orthoplastic reconstructions. In the senior authors' practices, the utility and versatility of vascularized bone grafts (VBGs) for challenging bony reconstruction has expanded limb salvage options for many patients treated at our medical centers. The following cases demonstrate how fibula VBGs can optimize restoration of large segmental bone defects and resolution of nonunion cases to achieve definitive bony healing.
MATERIALS/METHODS
This is a retrospective case series of VBGs performed by a single surgeon over a seven-year period. Twentyseven (27) total VBGs met inclusion criteria and underwent reconstruction for traumatic (16) , oncologic (6) and chronic degenerative (5) etiologies. Patient age ranged from 5 to 64 years with the majority of patients being younger than 30 years old. Anatomical bony reconstructions included 13 upper vs. 11 lower extremity defects and 3 pelvic defects. Successful union or bone healing was observed in 26 of 27 cases, with the following complications noted: 2 cases of delayed soft tissue wound healing and 1 case of complete resorption of a fibula bone flap requiring salvage with an expandable megaprosthetic and additional soft tissue flap coverage.
RESULTS
The following are examples of cases performed within the case series mentioned above. Free fibula grafts in extensive trauma: Case 1. A 38-year-old male presented after high-velocity gunshot wound (GSW) to his right arm, resulting in a severely comminuted fracture of his humerus [ Figure 1 ]. He had segmental bone loss of the humerus and complete segmental loss of his radial nerve. The only realistic treatment option in this case was the induced membrane technique or a free vascularized fibular graft. We proceeded with the fibular graft as it provided immediate stability and the ability to begin early gentle range of motion of the humerus [ Figures 2A and B] . Anastomosis was performed to a muscular branch off of the brachial artery. This patient is now one year out Case 2. A 36-year-old soldier presented with a complex radius fracture after suffering a high-velocity GSW to the proximal forearm [ Figure 3 and 4]. The original plan was to fix the proximal radius with a bridging plate and place an antibiotic spacer. Intraoperatively, it was noted that the radial head and neck were not intact, and the longest radial head plate was not long enough to bridge the comminution. A free fibular graft was then utilized to bridge the 8 cm gap and provide immediate stability. The biceps tendon was excised from the bony fragment seen in the image and was attached to the fibula with suture anchors [ Figure 4A -C]. The longest available radial head plate was utilized to secure the fibula in place to the proximal radial head. Note the intact posterior interossesous nerve draped over the fibula [ Figure 4D ]. The patient had a radial nerve palsy prior to this surgery which resolved with time. He has since returned to full activity including pushups, pull-ups and weight lifting.
Free fibula graft for oncologic reconstruction Case 3. We treated an 8-year-old male with a free fibula VBG following resection of a chondrosarcoma from his left humerus [ Figure 5 ]. Free fibula VBGs are a good option for bone gaps greater than 6-7 cm, and have . A recent systematic review of free fibula flap reconstruction of humeral bone defects after oncologic resection found 93% union in an average of 5 months [5] . VBGs in the oncologic setting have the additional advantage of increased durability in the face of adjuvant chemotherapy and radiation [6] . While allografts were previously utilized in oncologic reconstruction, these reconstructions were associated with a high fracture and nonunion rate of over 15%, with over 80% of grafts failing in the setting of infection, and approximately 50% failing in the setting of fracture [7] [8] [9] . In a series of 20 patients who underwent both upper and lower extremity reconstruction with allograft after tumor resection, 60% required removal of their allograft followed by replacement with allograft of endoprosthesis due to failure [10] . While fibula grafts are also prone to complications such as fracture, they possess higher healing potential without the need for a major reoperation in comparison to allograft. Houdek et al. [11] reports a success rate of 100% after VBG fracture, with some patients undergoing operative fixation and others responding to conservative management alone. For the pediatric population, fibula VBGs have another advantage: the fibular head can be included to allow for bone growth while also replacing the humeral head in the glenohumeral joint for reconstruction of the humeral head and diaphysis in pediatric tumor resections. While classically, a proximal and distal segment are preserved at the donor site to protect the common peroneal nerve and maintain ankle stability, Shuck et al. [12] did not report any peroneal nerve deficits or instability with walking after removing the fibular head. This patient is currently one year out from surgery and has resumed participation in competitive athletics without significant functional upper extremity limitations or impairment.
Case 4. A 56-year-old female presented with chondrosarcoma of the humerus [ Figure 6 ], which after necessary resection resulted in a large bony defect. We reconstructed this extensive defect with a free fibula bone flap using the Capanna technique [ Figure 7 ]. The Capanna technique combines methods of bony reconstruction, using a VBG in conjunction with allograft bone. Variations of the technique have been described with regard to the specific placement of the VBG with respect to the allograft: it can be placed completely within the . Here, we chose to place the VBG partially within the medullary canal, inside a trough created through the bony cortex. VBGs are at risk for early fracture and thus require immobilization, sometimes for over a year depending on the anatomic location of reconstruction and rate of bony hypertrophy; the use of allograft contributes to early postoperative stability by bearing the load of bony fixation. In turn, VBGs provide osteogenic factors that allografts lack. This technique has been described in immediate and in delayed settings after resection with equivalent rates of union; this versatility allows for definitive reconstruction to be delayed to confirm surgical margins when they are in doubt [16] . While originally described for reconstruction after tumor resection, surgeons are beginning to use the Capanna technique in specific traumatic settings when risk for infection is low [15] . Case 5. A 63-year-old morbidly obese male with history of diabetes and chondrosarcoma of the femur presented with femur nonunion after he underwent neoadjuvant chemoradiation, tumor resection, and prior allograft placement complicated by infection and nonunion of the proximal allograft abutment [ Figure 8A ]. He required cane assistance in ambulation to reduce potential for hardware failure given his nonunion and body habitus. After a series of antibiotic nail exchanges, washouts, six months of negative microbacterial cultures and normalized limits of inflammatory parameters (White Blood Cell Count, ESR and CRP), the patient underwent reconstruction with a 14cm free fibula VBG for his left femur nonunion. He is now oneyear post-reconstruction with radiographic and clinical evidence of complete bony healing, is ambulatory without cane assistance, and has returned to his full course of daily activities [ Figures 8B, 8C ].
Free fibula graft for salvage of complex bony nonunion
Cases 6 and 7. We treated two cases of middle-aged females who suffered traumatic tibial fractures complicated by nonunion despite failed allografting attempts [ Figure 9 ]. Both of these tibial bone nonunions were definitively reconstructed with pedicled fibula VBGs [ Figures 10A, 10B ]. Pedicled ipsilateral fibula VBGs do not require advanced microsurgical techniques and can be especially helpful in patients who have failed previous bone grafting operations; they have also been reported in the reconstruction of oncologic tibial resections and in tibial plateau fractures requiring arthrodesis with acceptable surgical and functional outcomes [17] [18] [19] . This pedicle flap can be directly translocated as a "slide" or as a "turnover" techniquei.e. rotated 180 degrees, and either technique can be based on antegrade or retrograde perfusion. Most commonly, the pedicle fibula flap is based on its antegrade flow pattern. Preoperative angiography or CT angiography can aid in assessing the peroneal as well as posterior and anterior tibial vascularity to ensure viable blood flow to the ipsilateral fibula flap as well as preservation of dominant blood flow to the foot if the peroneal vessel is to be sacrificed distally. Of note, the pedicled fibula VBG can be difficult to harvest in traumatic or secondary salvage procedures due to extensive scarring, inflammation and abnormal anatomy.
Free fibula graft as an osteocutaneous flap for composite reconstruction
These cases represent additional advantages of the free fibula VBGs; when used as osteocutaneous flaps, they can reconstruct bony and associated soft tissue deficits in a single stage. With single-stage reconstruction, the patient is spared multiple flap reconstructions, avoids additional exposures to anesthetic risk, may preserve recipient vessels when performed in an end-to-side vascular anastomosis pattern, and eliminates the need to re-enter scarred wound beds for subsequent staged procedures [20] . Case 9. This patient was 22-year-old army soldier who suffered a type I open both-bone forearm fracture complicated by infection that progressed to segmental infected nonunions [ Figure 11 ]. The patient was treated with debridement, antibiotic spacer placement, and eventual free vascularized fibular graft to the ulna and a 3 cm non-vascularized segmental graft to the radius. The compromised soft tissue was replaced by the fibula skin paddle [ Figure 12 ]. Both the radius and ulna healed successfully [ Figure 13 ]. While his range of motion is decreased, the patient has returned to a productive life as a mechanic. Case 10. A 52-year-old male presented with hardware infection after his original distal tibia fracture was treated with plate fixation [ Figure 14 ]. After necessary debridement, he was left with a segmental tibial and associated soft tissue defect. The ends of a free fibula graft were telescoped into the proximal and distal tibia and immediate stability was achieved. Small plates were utilized to ensure adequate fixation and a circular frame was then applied allowing for nearly immediate weight-bearing [ Figure 15 ].
DISCUSSION
The decision-making process for reconstruction of segmental bone defects and osseous nonunion can be complex and multivariable. A multidisciplinary orthoplastic approach is recommended for optimal outcomes. Clear communication of reconstructive goals and options should be discussed among the orthoplastic surgery team. These goals should align with reconstructive goals, rehabilitation potential, and wound healing reserve of the patient at hand. In this illustrative case series, we sought to explore the utility and versatility of fibula vascularized bone grafts in reconstructing complicated bony defects and achieving bone union.
We found fibula VBGs to be an excellent method for single-stage bony reconstruction in patients with bony defects complicated by numerous factors, especially in cases with previously failed reconstruction. Allograft reconstruction can provide a shorter, less technically demanding reconstruction, but its success may be limited to well-vascularized wound beds of a smaller size. Current data suggests that larger defects with compromised vascularity may lead to a significantly higher rate of major complications in bony defects reconstructed with allograft when compared to autograft [21] . However, further study is required to explore the outcomes of different classes of allograft as the age and processing of the allograft may allow it to retain more osteoinductive properties. Autologous reconstruction can be performed in several ways and is also subject to its own limitations. The major reasons for the failure of traditional non-vascularized reconstructive techniques are large size of defect, residual nonviable bone secondary to avascularity or infection, and inadeqate soft tissue coverage [17] . In such challenging cases, fibula VBGs -in the form of bone flaps and osteocutaneous flaps -provide reconstructive options that incorporate stable vascularity and supply osteoinductive, osteoconductive and osteoprogenitor elements [20] . We found these properties of fibula VBGs to be useful in cases of severe trauma and composite tissue injuries, where the zone of injury often extends beyond what is perceived clinically or radiographically. In our oncologic and degenerative disease cohorts, fibula VBGs provide reliable blood flow to the bone as vascularity is often compromised in these situations due to chronic disease and/or radiation. Additionally, the use of the Capanna technique capitalizes on the ability of fibula VBGs to be used in combination with allografts to enhance vascular perfusion, allograft incorporation, and restoration of long bone osseous defects.
In conclusion, at our respective institutions, the orthoplastic surgeons have achieved excellent surgical outcomes, the most notable of which is high rates of successful bony union in patients with extremity bone defects and osseous nonunion cases from traumatic, oncologic, degenerative and congenital etiologies. The major disadvantages of fibula VBGs include longer operative times and higher technical demand, prolonged immobilization following surgery, and risk of early fracture. Fibula VBGs nonetheless provide an excellent reconstructive option for segmental bony defects and to address cases of failed nonvascularized nonunion grafting attempts in the extremities, and they offer promise in the efforts to improve outcomes and success in limb salvage. Our knowledge of the subject and our mastery of the techniques are continually expanding, fueled in part by multidisciplinary collaboration among trauma, oncologic, orthopaedic and plastic and reconstructive surgeons. It is our hope that this growing experience will lead to improved care for patients affected by limb-threatening bony pathology.
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